Deficiency of acyl CoA:cholesterol acyltransferase 2 (ACAT2) in mice results in a reduction in cholesterol ester synthesis in the small intestine and liver, which in turn limits intestinal cholesterol absorption, hepatic cholesterol gallstone formation, and the accumulation of cholesterol esters in the plasma lipoproteins. Here we examined the contribution of ACAT2-derived cholesterol esters to atherosclerosis by crossing ACAT2-deficient (ACAT2 -/-) mice with apolipoprotein (apo) E-deficient (ApoE -/-) mice, an atherosclerosissusceptible strain that has impaired apoE-mediated clearance of apoB-containing lipoproteins. ACAT2 -/-ApoE -/-mice and ACAT2 ؉/؉ ApoE -/-(control) mice had similar elevations of plasma apoB and total plasma lipids; however, the lipid cores of the apoB-containing lipoproteins in ACAT2 -/-ApoE -/-mice contained primarily triglycerides rather than cholesterol esters. At 30 wk of age, only the control mice had significant atherosclerosis, which was nearly absent in ACAT2 -/-ApoE -/-mice. ACAT2 deficiency in the apoE-deficient background also led to a compensatory increase in the activity of lecithin͞cholesterol acyltransferase, the major plasma cholesterol esterification enzyme, which increased highdensity lipoprotein cholesterol esters. Our results demonstrate the crucial role of ACAT2-derived cholesterol esters in the development of atherosclerosis in mice and suggest that triglyceride-rich apoBcontaining lipoproteins are not as atherogenic as those containing cholesterol esters. Our results also support the rationale of pharmacological inhibition of ACAT2 as a therapy for atherosclerosis.
C
holesterol exists in two major forms in vertebrates: as a free sterol and as a cholesterol ester in which the sterol moiety is covalently attached to a long-chain fatty acid. Free cholesterol is found mainly in cell membranes, where it plays important roles in modulating membrane fluidity and permeability. When the cholesterol content of membranes becomes excessive, cholesterol esters are synthesized. These neutral lipids are poorly soluble in the membrane. Therefore, they are either stored in cytosolic lipid droplets or secreted from cells as components of apolipoprotein (apo) B-containing lipoproteins.
The synthesis of cholesterol esters is catalyzed by esterification enzymes. These enzymes include lecithin:cholesterol acyltransferase (LCAT), which functions in the plasma [primarily on high-density lipoproteins (HDL)], and acyl CoA:cholesterol acyltransferase (ACAT) (1-3), which functions intracellularly. There are two known ACAT enzymes, which are products of different genes. ACAT1 is present in many tissues, with the highest expression levels in steroidogenic tissues, sebaceous glands, and macrophages (4) (5) (6) . ACAT2 is present primarily in the liver and small intestine (7) (8) (9) .
Gene knockout studies in mice have helped to define the in vivo functions of ACAT1 and ACAT2. ACAT1-deficient (ACAT1 -/-) mice are healthy but lack cholesterol esters in the adrenal cortex and in macrophages (10) . The lack of ACAT activity in macrophages facilitated studies to examine the contribution of ACAT1 to macrophage foam-cell formation and atherosclerosis. In hyperlipidemic mouse models, selective ACAT1 deficiency did not prevent atherosclerosis (11, 12) and, in one study (13) , caused increased lesions, possibly as a result of toxicity from free cholesterol.
ACAT2 deficiency in mice led to a loss of cholesterol esterification activity in the small intestine and liver (14) . When ACAT2-deficient (ACAT2 -/-) mice consumed a low-fat lowcholesterol diet, there were no obvious phenotypic consequences from the loss of ACAT2. However, when these mice were fed a diet rich in fat and cholesterol, they were protected from diet-induced hypercholesterolemia and gallstone formation (14) . This protection appeared to result from a reduced capacity for intestinal cholesterol absorption, which served to ''shield'' the mice from the effects of the diet. ACAT2
-/-mice also had a near-complete lack of cholesterol esters in the apoB-containing lipoproteins (14) . Instead, these lipoprotein particles contained mostly triglycerides. This finding prompted the current study to determine the role of ACAT2-mediated cholesterol ester synthesis in atherosclerosis. We sought to introduce ACAT2 deficiency into a mouse model of atherosclerosis to generate two groups of mice in which plasma apoB-containing lipoproteins were similarly elevated but the lipid composition differed (i.e., one with mainly cholesterol esters and one with triglycerides in these particles). We therefore crossed ACAT2 -/-mice with mice lacking apoE, an atherosclerosis-susceptible strain that has impaired clearance of apoBcontaining lipoproteins (15, 16) .
A second goal of these studies was to examine the role of triglycerides in atherogenesis. Cholesterol esters have long been recognized for their association with atherosclerosis (17) . However, epidemiologic studies examining the role of plasma triglycerides in atherosclerosis have yielded conflicting results and have been difficult to interpret, because hypertriglyceridemia is frequently accompanied by low-HDL cholesterol levels and other potentially proatherogenic metabolic derangements (18, 19) . To shed light on this aspect of atherogenesis, we studied ACAT2 -/-mice in which the cholesterol esters in apoBcontaining lipoproteins were ''genetically replaced'' with triglycerides. (control) mice. Mice used in studies were Ϸ87.5% C57BL͞6 and 12.5% 129Sv͞Jae genetic background. Mice were housed in a pathogen-free barrier facility (12-h͞12-h light͞dark cycle) and were fed chow (PicoLab Rodent Diet 20, Purina) for 27 weeks after weaning. All experiments were approved by the Committee on Animal Research of the University of California, San Francisco.
Plasma Lipid and Lipoprotein Analyses. Colorimetric assays were used to measure plasma levels of total cholesterol (Spectrum kit, Abbott), free cholesterol (Wako, Neuss, Germany), and triglycerides (Triglycerides͞GB kit, Boehringer Ingelheim). Plasma HDL cholesterol was determined after precipitation of apoBcontaining lipoproteins with polyethylene glycol-glycine. All lipid assays included a plasma-based internal standard (Accutrol, Sigma). Lipids in lipoprotein fractions were analyzed after separation of pooled plasma samples (n ϭ 3) by FPLC with a Pharmacia Superose-6 column (20) . Fractions were assayed for total cholesterol, free cholesterol, and triglycerides (Triglycerides, Boehringer), and cholesterol ester levels were calculated by subtracting values of free cholesterol from total cholesterol.
For apoB immunoblotting, plasma was separated by 4% SDS͞PAGE, transferred to a polyvinylidene difluoride (PVDF) membrane, and incubated with a polyclonal antibody that recognizes the amino terminus of apoB (21) (a gift from S. Young, Gladstone Institute of Cardiovascular Disease, San Francisco). For apoAI immunoblotting, plasma was separated by 12% SDS͞PAGE, transferred to a PVDF membrane, and incubated with a polyclonal antibody that recognizes apoAI (a gift from K. Weisgraber, Gladstone Institute of Cardiovascular Disease). For all immunoblotting, binding was detected by enhanced chemiluminescence (Amersham Pharmacia).
Atherosclerotic Lesion Analyses. On the basis of power calculation analyses, we initially enrolled 20 female mice per genotype in atherosclerosis studies. However, because the differences in atherosclerosis between genotypes were so large, the study was terminated early. Atherosclerosis results for 13 ACAT2 ϩ/ϩ ApoE -/-and 17 ACAT2 -/-ApoE -/-mice are reported. Female mice were killed at 30 weeks of age, after 27 weeks of chow feeding. Blood was collected by cardiac puncture. Tissues were fixed by perfusion with 3% paraformaldehyde in phosphate buffer (pH 7.3), and aortas were removed, opened longitudinally from the heart to the iliac bifurcation, and pinned out flat (22) . Aortic images were captured with a Polaroid digital camera (DMC1) mounted on a Leica MZ6 stereo microscope and analyzed with PHOTOSHOP 5.0.1 (Adobe Systems, Mountain View, CA) and FOVEA PRO 1.0 (Reindeer Graphics, Asheville, NC). An image of each aorta was captured and divided into three regions (arch, thorax, and abdomen), from which both aortic surface and atherosclerotic lesion areas were quantified. Lesion areas were calculated as a percentage of total surface area (23) . To complement the aortic surface area results, aortic root morphology was also examined in three ACAT2 ϩ/ϩ ApoE -/-and three ACAT2 -/-ApoE -/-mice that had total aortic lesion areas representative of the means for each genotype. Aortic roots were fixed by transcardial perfusion with 3% paraformaldehyde in phosphate buffer (pH 7.3), embedded in OCT compound (Sakura Tissue-Tek, Torrance, CA), frozen, sectioned, and stained with Oil red O.
Immunoblotting of Hepatic Proteins. For scavenger receptor class B, type I (SR-BI) immunoblotting, 125 g of protein from liver homogenates was separated by 10% SDS͞PAGE, transferred to a polyvinylidene difluoride membrane, and incubated with a polyclonal antibody that recognizes SR-BI (Novus Biologicals, Littleton, CO). Binding was detected by enhanced chemiluminescence (Amersham Pharmacia). The membrane was then stripped and reprobed with an antibody that recognizes lowdensity lipoprotein (LDL) receptor-related protein (a gift from J. Herz, University of Texas Southwestern, Dallas) to control for equal loading of protein per lane.
LCAT Activity. LCAT activity in plasma was assayed as described (24) . Briefly, recombinant HDL (rHDL) were synthesized from phosphatidylcholine: 14 C-cholesterol:apoAI in a molar ratio of 80:5:1. Cholesterol esterification was measured by adding rHDL (1.2 g) to 500 l of 1ϫ Tris-borate-EDTA buffer containing 0.6% BSA, 2-mercaptoethanol, and 5 l of mouse plasma as the LCAT source. Tubes were incubated at 37°C with shaking for 5 min, and the reaction was stopped by adding CHCl 3 :MeOH (1:2) containing 20 g͞ml free cholesterol and cholesterol ester. Lipids were extracted, resuspended in CHCl 3 :MeOH (2:1), and separated by TLC in hexane͞ether͞acetic acid (70:30:2, vol͞vol͞ vol). The free cholesterol and cholesterol ester bands were scraped, and radioactivity was counted in a liquid scintillation counter. Fractional cholesterol esterification was calculated as dpm in cholesterol esters divided by dpm in cholesterol esters plus free cholesterol. Specific activity was calculated from the fractional esterification and the specific activity of the labeled substrate.
Cholesterol Ester Fatty Acid Composition. Lipids were isolated from plasma by chloroform-methanol extraction (25) with cholesteryl tridecanoate added as an internal standard. Cholesterol esters were isolated by TLC (Silica Gel 60, EM Science), and the fatty acid moieties of the cholesterol esters were converted to fatty acid methyl esters for analysis by gas-liquid chromatography as described (26) . Statistical Methods. Data are shown as mean Ϯ SD unless stated otherwise. Means were compared with the Mann-Whitney rank-sum test. Regression analyses were performed with STATVIEW (SAS Institute, Cary, NC).
Results

Changes in Plasma Lipids and Lipoproteins in ACAT2 -/-ApoE -/-Mice.
Introducing ACAT2 deficiency into ApoE -/-mice had marked effects on their plasma lipids (Table 1) . Total plasma cholesterol Plasma lipids (mg/dl) were measured in adult (20-to 26-week-old) female mice (ACAT2 ϩ/ϩ ApoE Ϫ/Ϫ : TC, n ϭ 10; CE, n ϭ 7; FC, n ϭ 7, HDL, n ϭ 10; TG, n ϭ 9. ACAT2 Ϫ/Ϫ ApoE Ϫ/Ϫ : TC, n ϭ 20; CE, n ϭ 11; FC, n ϭ 12; HDL, n ϭ 16; TG, n ϭ 12). Data are shown as mean Ϯ SD. P values were determined with the Mann-Whitney test.
levels were nearly 60% lower in ACAT2 -/-ApoE -/-mice than in ACAT2 ϩ/ϩ ApoE -/-control mice. This reduction was due primarily to a Ͼ70% reduction in plasma cholesterol esters in the ACAT2 -/-ApoE -/-mice. The reduction in plasma total cholesterol was due to lower cholesterol content in very low-density lipoproteins (VLDL) and the intermediate-density lipoproteins (Fig. 1A) . Plasma-free cholesterol was also reduced by 18% in ACAT2 -/-ApoE -/-mice. In contrast, plasma triglyceride levels were Ϸ90% higher in ACAT2 -/-ApoE -/-mice than in controls. This increase was due to a higher triglyceride content in VLDL and intermediatedensity lipoproteins (Fig. 1B) . The total plasma lipid content in the lipoproteins was similar in ACAT2 -/-ApoE -/-mice and controls, with the chief effect of ACAT2 deficiency being a marked reduction in the cholesterol ester content of the VLDL and intermediate-density lipoproteins and a corresponding increase in the triglyceride content in these lipoproteins (Fig. 1C) .
Plasma apoB levels directly reflect the numbers of plasma lipoprotein particles (27) and correlate with atherosclerosis risk (28) . Plasma levels of apoB48 were similarly elevated in ACAT2 -/-ApoE -/-mice and controls (Fig. 1D) , and plasma apoB100 levels appeared to be higher in the ACAT2 In previous studies (14) , ACAT2 deficiency did not affect plasma HDL cholesterol levels in mice fed chow or high-fat diets. However, in the setting of apoE deficiency, ACAT2 deficiency resulted in a 58% increase in plasma HDL cholesterol levels (Table 1 and Fig. 1C) . The plasma levels of apoAI, the major apolipoprotein component of HDL, were similar in ACAT2 -/-ApoE -/-mice and controls (Fig. 1E) , indicating that, in HDL, the primary effect of ACAT2 deficiency was on the lipid content of the particles.
Prevention of Atherosclerosis in ACAT2 -/-ApoE -/-Mice. Atherosclerosis was nearly absent in ApoE -/-mice that lacked ACAT2 (Fig.  2) . After 27 weeks on a chow diet, atherosclerotic lesions were present on the aortic surface in control mice (4.8 Ϯ 2.9% of surface area) but not in ACAT2 -/-ApoE -/-mice (0.1 Ϯ 0.2%, P Ͻ 0.01) (Fig. 2 A) . This reduction in atherosclerosis in ACAT2 -/-ApoE -/-mice was present in all regions of the aorta, with the most striking difference found in the proximal portion of the aortas (Figs. 2B and 3A) . Examination of aortic root sections in a subset of mice confirmed that lesions were nearly absent in ACAT2 -/-ApoE -/-mice (Fig. 3B) . A similar prevention of atherosclerosis was observed in a separate study in which small numbers of mice were fed a Western-type diet for 9 weeks (not shown).
We examined the relationship of the extent of aortic atherosclerosis with plasma lipid levels for individual mice in the two study groups. Lesion area correlated best with total plasma cholesterol levels, although this positive correlation was attributable mainly to the correlation in control mice (Fig. 2C) . In contrast, plasma triglyceride levels did not correlate with lesion area. As expected, there was a significant inverse correlation between plasma HDL cholesterol levels and lesion area. was unexpected, we further investigated the mechanism for this finding. This increase was due mainly to an increase in cholesterol ester content (Fig. 1C and data not shown) . Cholesterol esters in plasma HDL are cleared mainly by a selective uptake mechanism in hepatocytes that is mediated by SR-BI (29) , and ApoE -/-mice have increased hepatic SR-BI levels (30) . However, hepatic SR-BI levels were not different in ACAT2 -/-ApoE -/-mice and controls (Fig. 4A) , suggesting that impaired clearance did not account for the increase in HDL cholesterol esters in ACAT2 -/-ApoE -/-mice. In contrast, activity levels of LCAT, the major enzyme responsible for synthesizing cholesterol esters in plasma, were significantly higher in ACAT2 -/-ApoE -/-mice than in controls (Fig. 4B) . Confirming this observation, the plasma cholesterol esters of ACAT2 -/-ApoE -/-mice reflected increased LCAT activity (Fig. 4C) , with greater proportional content of very long-chain polyunsaturated fatty acids, including C20:46, C20:53, and C22:63, and lower proportions of long-chain saturated fatty acids, such as C16:0, C16:1, C17:0, and C18:1⌬9 (26) . LCAT-derived cholesterol esters were present in apoB-containing lipoproteins and HDL (Fig. 1C) .
Discussion
This study demonstrates that ACAT2-mediated cholesterol ester synthesis is crucial for atherogenesis in mice. The absence of ACAT2 in the small intestine and liver almost completely prevented atherosclerosis in apoE-deficient mice. Our findings implicate ACAT2 activity as a major determinant of susceptibility to atherosclerosis. The results also suggest that apoBcontaining lipoproteins that are rich in triglycerides, as in ACAT2 -/-ApoE -/-mice, are not as atherogenic as those containing cholesterol esters.
Previously, we showed that ACAT2 deficiency in the small intestine and liver of mice limits intestinal cholesterol absorption and cholesterol gallstone formation in response to diet and prevents the accumulation of cholesterol esters in the plasma lipoproteins (14) . Now we show that the protective effects of ACAT2 deficiency on cholesterol-mediated disease extend to atherosclerosis. The protection from atherosclerosis we found in apoE-deficient mice lacking ACAT2 indicates that ACAT2 function is required for atherosclerosis to develop in this model. This conclusion agrees with the observation that hepatic ACAT activity levels correlate with atherosclerosis susceptibility in primates (31, 32) . These findings suggest that conditions that increase intestinal and hepatic ACAT activity may promote atherosclerosis.
We suspect that the protective effect of ACAT2 deficiency on atherosclerosis relates primarily to the replacement of cholesterol esters with triglycerides in the cores of apoB-containing lipoproteins. The shift toward more polyunsaturated fatty acids in the cholesterol esters may also have contributed to atherosclerosis protection. Plasma apoB levels are highly correlated with atherosclerosis risk (28) . However, the ACAT2 -/-ApoE -/-mice did not develop atherosclerosis despite their high plasma levels of triglyceride-rich apoB-containing lipoproteins. This finding is of interest because of the controversy concerning plasma triglyceride levels and atherosclerosis. Elevated plasma triglycerides are considered a potential risk factor for atherosclerosis. However, hypertriglyceridemia is often accompanied by multiple potentially proatherogenic metabolic derangements, including low plasma HDL cholesterol levels, which makes the risk attributable to hypertriglyceridemia per se difficult to assess (reviewed in refs. 33 and 34). Our findings in this study strongly suggest that triglyceride-rich apoB-containing lipoproteins are not as atherogenic as those that are rich in cholesterol esters, although, strictly speaking, ACAT2 -/-ApoE -/-mice are not a model of marked hypertriglyceridemia. Nevertheless, these data support the hypothesis that the inflammatory response in atherosclerosis occurs primarily in response to toxicity from cholesterol accumulation in lesions.
The increased plasma HDL cholesterol levels in ACAT2 -/-ApoE -/-mice were unexpected because neither ACAT2-nor apoE-deficient mice have increases in HDL cholesterol levels. The increase in HDL cholesterol was primarily due to an increase in the cholesterol ester content; apoAI levels were not increased. The increase in HDL plasma cholesterol esters apparently results from an increase in LCAT activity, which may reflect a compensatory increase in response to an increased availability of cholesterol substrate on HDL particles in the absence of ACAT2 activity. This increase in LCAT activity and HDL cholesterol esters also may have contributed to the antiatherogenic effect of ACAT2 deficiency. However, we believe that this contribution is likely to have been small. The average increase in HDL cholesterol in ACAT2 -/-ApoE -/-mice was Ϸ11 mg͞dl, an increase that is unlikely to have caused atherosclerosis to decrease by Ϸ80%. Moreover, studies of transgenic mice overexpressing LCAT (with associated activity levels much higher than in ACAT2 -/-ApoE -/-mice) have found either no difference or an increased susceptibility to atherosclerosis (35) (36) (37) .
Our findings provide some insight into ongoing strategies to develop ACAT inhibitors to prevent or treat atherosclerosis. Because cholesterol esters play a prominent role in atherogenesis, numerous ACAT inhibitors have been developed in the past 20 years (reviewed in ref.
2). However, these agents were developed before the discovery of two different ACATs, and most of these compounds therefore act nonselectively. Recent studies in ACAT1 -/-mice indicate that the selective loss of ACAT1 activity in the setting of hyperlipidemia does not prevent atherosclerosis and may cause detrimental effects due to free cholesterol deposition in tissues (11, 13) . Conversely, the current study suggests that selective loss of ACAT2 activity in mice may be useful in preventing or treating atherosclerosis, in addition to preventing hypercholesterolemia and gallstones induced by di- etary cholesterol (14) . Taken together, our studies and those of others using nonselective inhibitors in animals (38) (39) (40) suggest that nonselective ACAT inhibitors or inhibitors that are more selective for ACAT2 may be the most desirable to study in humans.
Our findings highlight the role of ACAT2-mediated cholesterol ester synthesis in promoting atherosclerosis in mice. Genetic variability in ACAT2 gene expression may therefore contribute to susceptibility to atherosclerosis (32) , as well as to diet-induced hypercholesterolemia and gallstones (14) in mice. Whether alterations in ACAT2 activity influence atherosclerosis susceptibility in humans is currently unclear. Important differences in lipoprotein metabolism and atherosclerosis development exist between mice and humans, and these differences limit the ability to extrapolate between species. For example, whereas ACAT2 is the major ACAT that functions in mouse liver, the contribution of ACAT2 (versus ACAT1) to hepatic cholesterol esterification activity in humans is uncertain. In addition, depletion of cholesterol esters in apoB-containing lipoproteins due to reduced ACAT2 activity is less likely to be as marked in humans, because humans (but not mice) have transfer of cholesterol esters from HDL to apoB-containing lipoproteins by cholesterol ester transfer protein. Nevertheless, our data provide further support for the rationale of inhibiting hepatic and intestinal ACAT activity as a pharmaceutical strategy to reduce atherosclerosis.
